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We report a pioneering approach using Tetrahymena thermophila
that permits rapid identification of genes based on their null or
hypomorphic phenotypes. This technique involves cell transforma-
tion with a library of plasmids that encode 26S ribosomal subunits
containing short insertions. The insertions correspond to antisense
sequences for a large number of genes. The majority of cells each
acquires a single antisense sequence, which silences a single
genomic locus. Because the insertion site within the ribosomal
sequence is known, the silenced gene is easily amplified. We
demonstrate that this approach can be used to identify genes
required for dense core granule exocytosis.

apid techniques for cloning genes based on mutant pheno-

types, such as cloning by complementation, restriction en-
donuclease-mediated integration (REMI), and transposon-
induced mutagenesis, are available in a limited number of
eukaryotes including Saccharomyces cerevisiae and Dictyostelium
discoideum (1-3), and have played key roles in illuminating many
physiological pathways. The ciliate Tetrahymena thermophila has
been a valuable experimental organism for discoveries including
telomerase, enzymatic RNA, and histone acetylation (4-6).
Easily transformed by homologous integration, Tetrahymena is
established or emerging as a powerful system for studying
histone and tubulin modifications, chromosome rearrangements,
and regulated exocytosis (7-10). Extensive genetic and physical
mapping is underway (11-13); in addition, classical genetic
approaches have been used over four decades to isolate and
characterize a large number of mutants (14). However, no
general approaches have been available to identify the genetic
bases of such mutant phenotypes.

A pathway that is studied easily in Tetrahymena involves the
synthesis and exocytosis of dense-core granules (DCGs), vesicles
that are used in eukaryotes for storage and regulated secretion
of a wide variety of macromolecular cargoes (15). Tetrahymena
cells contain several thousand DCGs, positioned at the cell
periphery, that are capable of undergoing stimulus-triggered
synchronous fusion with the plasma membrane. Stimulation
results in massive exocytosis of DCG contents. Under controlled
laboratory conditions, cells become trapped in a capsule of the
released contents; such wild-type (WT) cells are designated
caps(+) (16). Because entrapment prevents them from swim-
ming freely, it is possible to enrich for cells defective in exocytosis
based on their greater mobility. In addition, such mutants can be
identified by visually screening for caps(—) cells. Such screens
led to the isolation of a collection of nitrosoguanidine-induced
mutants (17, 18), but uncovering the molecular bases for these
defects is currently precluded by the absence of a method for
cloning by complementation.

Here we describe a method based on an antisense library,
whereby chimeric cells are created that express ribosomes car-
rying antisense sequences. This method relies on the previous
discovery by Yao and colleagues (19) that the 26S subunit of
Tetrahymena ribosomes could be engineered to contain a short
additional loop that does not compromise ribosome function.
Such recombinant ribosomes, expressed from an rDNA-based
plasmid, were capable of rapidly replacing the endogenous
ribosomes. If the short additional loop corresponded to a
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gene-specific antisense sequence, the recombinant “antisense
ribosome” could specifically and reliably suppress the expression
of the complementary gene, as long as the antisense sequences
were less than ~130 bp-long and corresponded to the 5’ un-
translated region of the targeted gene (19).

Materials and Methods

Cells and Cell Culture. T. thermophila strains CU428 and B2086
were kindly provided by Peter Bruns (Cornell University, Ithaca,
NY), and are WT [caps (+)] with respect to exocytosis. Cells
were cultured routinely as described in ref. 20. For drug selection
of transformants, an alternative medium, SPP, was used (21).

Construction and Characterization of Antisense Ribosome Library.
Because conventional cDNA libraries do not preserve informa-
tion near the 5" end of the mRNA (22, 23), the method used here
is based on several described techniques that were designed to
retain complete 5’ information (24-27). The 5’ ends of mRNAs
were tagged selectively by using an oligo-capping protocol. Other
RNAs (e.g., rRNA, degraded mRNA, etc.) were not tagged by
this procedure, because the starting RNA [poly(A)* RNA
isolated from exponentially growing Tetrahymena strain
CU428.1] was oxidized first with sodium periodate (NAIOy;
Sigma), to prevent its later ligation, and then dephosphorylated
with shrimp alkaline phosphatase (Roche Molecular Biochemi-
cals), to prevent ligation of uncapped RNAs. Then mRNAs were
decapped with tobacco acid pyrophosphatase (Epicentre Tech-
nologies, Madison, WI) to generate a 5’ monophosphate suitable
for ligation, and the products were tagged by ligation to an RNA
42-mer (5'-pppGGGAACAAAAGCTGGAGCTCCACCGC-
GGTGGCGGCCGCTCTA-3").

Tagged mRNA was used to generate a library of short 5’
sequences. The tagged mRNAs were converted first into a
full-length double-stranded (ds) cDNA library. Avian myelo-
blastosis virus reverse transcriptase (Roche Molecular Bio-
chemicals)-mediated reverse transcription was primed with
an oligo(dT) (Xhol) primer (5'-GAGAGAGAGAGAGAGA-
GAGAACTAGTCTCGAGTTTTTTTTTTTTTTTTTT-3").
Then RNA was removed by treatment with a mixture of RNAses
(Ambion, Austin, TX). Second-strand synthesis by Pfu polymer-
ase (Stratagene) was primed by using a DNA oligo whose
sequence overlapped the RNA oligo used for tagging (5'-
AACAAAAGCTGGAGCTCCAC-3"). The resulting dsDNA
molecules then were digested with NotI and Xhol, ligated into
pBluescript IT SK(+) (Stratagene), and transformed into Esch-
erichia coli. Independent clones (3.3 X 10°) were generated, with
an average size of 1 kb. This library of mostly full-length cDNAs
(>90% of sequenced inserts contain 5’ untranslated regions)
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Fig. 1.

was used to make the antisense ribosome library by treatment
with exonuclease III and mung bean nuclease (New England
Biolabs; ref. 28). Molecules 30-150 bp-long were isolated by
agarose gel electrophoresis and ligated into ribosomal antisense
plasmid 5318DN (19), which was generously provided by M.-C.
Yao (Fred Hutchinson Cancer Research Center). The multiple-
cloning site (MCS) of the antisense vector was shortened so that
larger antisense inserts could be accommodated. The following
sequence of the original MCS (5'-TCAGGTACCCGCAAA-
GCGGCCGCGTCGACGGGCCCCCCGGGGTAACCTT-
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Construction and use of antisense ribosome library. Details can be found in Materials and Methods.

TGCGGGTACCCTGA-3") was replaced with (5-TCACCTG-
AGGGTACCCCCGGCGGCCGCGTACCCTGA-3"). Embold-
ened portions of the above sequence remained the same. Re-
striction sites were also altered for convenience, leaving a NotI
and an Xhol site. This new vector was named 5318DN.MOD.
The 5318DN.MOD clones containing antisense molecules were
transformed into E. coli to generate 1.5 X 10° independent
clones, of which about 10% contained inserts of 30-160 bp and
averaged 69 bp. Construction of the library is summarized in Fig.
1A and B.
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Fig. 2. Disruption of NDCT through homologous recombination. (A) A
physical map of the NDCT locus, indicating the disruption site of the NEO2
cassette. (B) Southern blot of WT and ANDCT1 cells, probed for the NDC7 locus.
(C) Northern blot of WT and ANDCT1 cells, demonstrating the absence of visible
NDCT transcript in the knockout cell line. Histone H4 serves as a control.

Use of Antisense Ribosome Library. Transformation of Tetrahymena
mating pairs (CU428 X B2086) and screening for caps(—)
transformants were done by using described protocols with
several modifications (refs. 17 and 29; Fig. 1C). For transfor-
mations, five aliquots of 5318DN.MOD (50 ng) mixed with 250
ul of cells were each electroporated, pooled, and dispensed into
96-well plates at appropriate dilutions. A total of 4,000 clonal
lines were screened for the caps(—) phenotype of which 45
initially tested positive. These clones were retested, and 18
regenerated the caps(—) phenotype. Ribosomal inserts of trans-
formants showing caps(—) phenotypes were amplified by PCR,
using primers on either side of the cloning site (forward primer,
5'-AAAAGGTCGATGAGTAAGGAAATG-3'; reverse
primer, 5'-CAATCTCAGGGTACGCGG-3'). These 18 prod-
ucts ranged from 63 to 112 bp in length, with an average of 84
and a median value of 94. The two products that were later
reconfirmed, corresponding to NDCI and GRL7, were slightly
larger than average (109 and 94 bp, respectively.) Fourteen of the
18 sequences, including those corresponding to NDCI and
GRL7, contained 5’ untranslated regions (UTRs) of which five
were unique. Those sequences that arose more than once
corresponded to clones that seem particularly abundant in the
cDNA library (based on sequencing of ~1,200 inserts from that
library). For example, the 5’ UTR corresponding to a ribosomal
protein gene, rpl17, is found in 7/18 clones. The GRL7 gene, also
highly represented in the library, is found in 3/18 antisense
inserts. In plasmids containing duplicated sequences, the inserts
are not identical. For example, the 7 clones corresponding to
rpl17 fall into three classes. The partial redundancy may be a
result of the fact that these are particularly effective sequences
for antisense suppression, or a result of the redundancy within
the cDNA or antisense libraries.

The five unique amplified products were ligated into the
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antisense vector (PCR products and 5318DN.MOD were cut
with Notl and Kpnl and ligated), transformed into cells, and
tested for the caps(—) phenotype. Two of these five clones
retested positive for the caps(—) phenotype. One of the se-
quences that retested positive (NDCI) was (5'-AAAATACA-
AAGTACAAAAAAATAAATAAAAACGTAAAACGT-
AAAGGAAAATGAACAAGGCCTTAGTTTTCTTGGGG-
TGTAGGTGGGGGCCC-3"). Primers specific to this sequence,
in combination with a vector-specific primer, were used to
amplify the entire gene from the full-length library.

Disruption of NDC1 Through Homologous Recombination. NDC1 was
cloned and disrupted in the same manner as PGMI (8). DNA
sequences spanning all of NDC1, including upstream and down-
stream regions, were obtained by using PCR techniques. A
knockout construct was generated with the NEO2 drug-
resistance cassette (29) inserted at a Stul site just downstream of
the predicted translational initiation site, thereby creating the
null allele ndcl-1::neo2 (30). Macronuclear knockouts were
confirmed on the basis of the restriction maps, as detected by
Southern blotting with a probe corresponding to the NDCI gene.
Cells in which all macronuclear copies of NDCI are replaced
with ndcl-1::neo2 are referred to as ANDCI.

Northern Blotting. Northern blotting of total RNA extracted from
WT and ANDCI cells was performed following standard tech-
niques (28) by using an NDCI riboprobe. Histone H4 mRNA
served as a control; a plasmid containing the histone H4 gene was
kindly provided by Martin Gorovsky, Univ. of Rochester.

Identification and Analysis of Caps(—) Cells. Antisense transfor-
mants, selected after 4 days in 120 pg/ml of paromomycin
sulfate (Sigma), were enriched for caps(—) cells, which then
were identified by visual screening as described (17). Stimu-
lation of exocytosis to induce capsule formation was per-
formed by using the conditions described in ref. 17. Fixation
conditions for transmission electron microscopy were identical
to those in ref. 20.

Results

To assemble a plasmid library of antisense sequences, we first
constructed a cDNA library from full-length mRNA to preserve
complete 5" untranslated regions. From this library, we gener-
ated a plasmid library of antisense ribosomes by truncating the
full-length library from the 3’ end and directionally cloning the
inserts into the antisense plasmid (Fig. 1 4 and B). Like the
initially described antisense ribosomes (19), our library is based
on a vector encoding a variant of the Tetrahymena rDNA
minichromosome, allowing efficient transformation and selec-
tion of drug-resistant transformants (31, 32). After transforma-
tion of Tetrahymena with this library, a brief period of selective
growth is sufficient to permit the recombinant antisense ribo-
somes to replace the endogenous copies. Transformants with
phenotypes of interest can then be isolated by appropriate
selection or screening.

We used the antisense library to expand molecular studies of
regulated exocytosis. From a collection of antisense ribosome
transformants, we used a combination of enrichment and visual
screening to isolate mutant clones that failed to show stimulus-
dependent exocytosis of DCG contents. The rDNA inserts of
such mutants were amplified and cloned, using primers based on
the known flanking rDNA sequence. The ability of these se-
quences to interfere with exocytosis was confirmed by reinsert-
ing the antisense sequence into the rDNA backbone, retrans-
formation, and confirming the caps(—) phenotype. Antisense
sequences that reproduced the caps(—) phenotype were used to
design primers, which then were used to amplify the gene by
using the full-length cDNA library as template. Thus, cloning of
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Fig. 3. Phenotype of ANDCT cells. (A and B) Light micrographs of WT and
ANDCT1 cells under conditions that trigger synchronous fusion of DCGs and
release of their contents. WT cells are surrounded by a capsule of secreted
protein that is absent in ANDCT cells. (Scale bar = 10 um.) (C and D) Trans-
mission electron microscopy of DCGs in WT and ANDCT cells. The WT granule
isroughly cylindrical, tethered to the plasma membrane, and contains a visible
protein lattice. DCGs in ANDCT also are tethered at the plasma membrane but
are roughly spherical, and the contents are not visibly organized in a lattice.
(Scale bar = 200 nm.)

the full-length gene required just a limited series of PCR
reactions (Fig. 1C).

The first two genes identified by using this protocol serve to
validate our approach. The first gene identified was GRL7
(Granule lattice protein 7), a gene we had characterized as one
of a family of five genes encoding highly abundant calcium-
binding proteins in the DCG core (33). Although the phenotype
associated with a GRL7 gene knockout had not been examined,
we previously found that disruption of the macronuclear (ex-
pressed) copies of encoding other granule lattice proteins genes
(GRL1, GRL3, or GRL4) was sufficient to block normal DCG
assembly and therefore exocytosis (ref. 20 and N.D.C., J. W.
Verbsky, and A.P.T., unpublished data). These results strongly
suggested that the suppression of GRL7 expression would have
a similar effect. The isolation of GRL7 in this antisense-based
screen fulfilled this prediction.

The second gene identified has been named NDCI (Non-
discharge of granule contents). To confirm that this gene is
required for DCG function, we cloned the macronuclear copy of
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NDCI and disrupted all expressed copies by gene replacement
with an allele interrupted by the neomycin-resistance cassette
(ndcl-1::neo2; Fig. 2). Southern and northern analyses of trans-
formants demonstrated that these cells have no intact copies of
NDC1 and no visible NDC1 transcripts; such cells are referred
to as ANDCI. More importantly, and as expected, NDCI is
essential for normal DCG biosynthesis (Fig. 3). Although
ANDCI cells synthesize DCGs that are docked correctly, the
granules are morphologically aberrant and closely resemble
those in AGRLI cells. Like AGRLIcells, ANDCI cells are
caps(—), confirming a defect in exocytosis.

The similarities between the phenotypes of ANDCI and
AGRLI suggested that the protein product of NDCI, Ndclp, is
part of the DCG cargo. Consistent with this, the predicted coding
sequence begins with a canonical signal peptide that targets
translocation into the endoplasmic reticulum and is expected on
all secreted proteins. NDCI is related to, but interestingly
different from, all of the characterized GRLs. The secondary
structure of GRL gene products is predicted to consist largely of
coiled coils, and the proteins undergo proteolytic processing
during granule synthesis (33). Although the GRL products share
relatively little sequence identity with one another, the process-
ing sites have conserved motifs and each is preceded by a short
stretch of basic amino acids in otherwise highly acidic proteins
(33). The same organization is seen in orthologous proteins in
Paramecium tetraurelia DCGs (34), suggesting the possibility that
these basic regions may be determinants of the downstream
cleavage sites. NDCI encodes a comparably acidic polypeptide of
similar length to the GRL products, and also is predicted to
assemble largely as coiled coils. Like the GRL products, Ndclp
contains short basic stretches that are likely to precede process-
ing sites (Fig. 4). However, the single most basic stretch in the
predicted polypeptide lies at its extreme C terminus, an arrange-
ment not seen in any of the known GRL-encoded proteins.
Because this stretch cannot precede a cleavage site, it suggests
that basic regions in DCG proteins play a role distinct from
determining downstream processing sites. This suggestion led us
to test whether deletion of the basic region preceding the
characterized cleavage site in Grllp was required for cleavage
site determination. By using site-directed mutagenesis, we re-
placed GRLI with variants that lack the entire stretch of basic
amino acids that lie immediately upstream of the normal pro-
cessing site at Lys-188 (20), and found that cleavage-site speci-
ficity is unaltered in these mutants (N.D.C., J. W. Verbsky, and
A.P.T., unpublished data).

Discussion

We have developed an approach for isolating genes based on
their null and/or hypomorphic phenotypes in 7. thermophila.
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Fig. 4. Secondary structure modeling of Ndc1p
and Grl1p. Both Grl1p and Ndc1p are highly
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the primary sequence (which directly precedes a
known processing site in Grl1p), but Ndc1p also
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Culpable genes can be cloned within several weeks of isolating
transformed cells with a desired phenotype. Confirming the
usefulness of this approach, we have used it to identify two genes
that are involved in regulated secretion. Comparison of the
organization of the gene product, Ndclp, with those of previ-
ously identified DCG cargo proteins suggests that the charac-
teristic basic regions in these proteins serve a function distinct
from processing site determination, as had been hypothesized
previously.

Before this work, no Tetrahymena gene had been cloned based
on an associated phenotype, although a collection of interesting
mutant lines has been well studied. The antisense method for
gene identification can be applied to any somatic process that
depends on transcribed genes and whose null/hypomorphic
phenotype can be detected. Colleagues with whom we have
shared this library have succeeded with a screen designed to
identify genes associated with defective cell division. A gene in
this pathway, identified by using the antisense library, has been
confirmed already (E. Cole, personal communication). None-
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theless, that this method relies on screening for null or hypo-
morphic phenotypes may limit its application for identifying
genes whose functions are essential for cell viability (35).

Because the antisense library described was derived from total
mRNA, genes will be represented according to the abundance of
their transcripts. This biased abundance is likely to explain why
the first antisense plasmids coming out of our screen correspond
to abundant DCG cargo proteins. The current library, as well as
libraries derived from normalized or stage-specific mRNA,
should facilitate the isolation of novel genes in a variety of
biological pathways.
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